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Dimerization constantIn present work the interaction of two TM α-helices of the ErbB3 receptor tyrosine kinase from the ErbB or
HER family (residues 639–670) was studied by means of NMR spectroscopy in a membrane-mimicking
environment provided by the DPC micelles. The ErbB3 TM segment appeared to form a parallel symmetric
dimer in a left-handed orientation. The interaction between TM spans is accomplished via the non-standard
motif and is supported by apolar contacts of bulky side chains and by stacking of aromatic rings together with
π–cation interactions of Phe and Arg side chains. The investigation of the dimer–monomer equilibrium
revealed thermodynamic properties of the assembly and the presence of two distinct regimes of the
dimerization at low and at high peptide/detergent ratio. It was found that the detergent in case of ErbB3
behaves not as an ideal solvent, thus affecting the dimer–monomer equilibrium. Such behavior may account
for the problems occurring with the refolding and stability of multispan helical membrane proteins in
detergent solutions. The example of ErbB3 allows us to conclude that the thermodynamic parameters of
dimerization, measured in micelles for two different helical pairs, cannot be compared without the
investigation of their dependence on detergent concentration.phosphocholine; tm, isolated
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Helical membrane proteins comprise the majority on the eukary-
otic cell membrane. They accomplish the huge variety of activities and
are essential for almost all processes occurring in a living cell. Their
membrane domains consist of several hydrophobic α-helices,
spanning the membrane and interacting with each other. Helical
transmembrane (TM) spans were shown to act as building blocks of
TM domains of integral membrane proteins, as they are able to
reconstitute the folded membrane protein being not linked by
covalent bonds [1]. In other words, interactions between transmem-
braneα-helices encode the spatial structure and, hence, the activity of
the membrane protein. Nevertheless, despite the pronounced
importance of helix–helix interactions, there is no accurate method
for the prediction of its topology present. It is generally thought thatone of the ways to predict the topology of helix–helix interaction is to
analyze the polar properties of the surface of an α-helix and to search
for the speciﬁc structural motif [2]. The example of such approach is
the discovery of the potent GG4 motif, which can be described as two
relatively polar residues (G, A, S or T) separated by three bulky
residues and was found to support strong interactions between the
TM α-helices [3]. Unfortunately, it appeared that the presence of the
GG4 motif does not guarantee that the interaction of two TM α-
helices will occur as intuitively expected [4]. Thus, the motif-based
approach does not always give a reliable prediction. In this aspect, the
investigation of structural and energetic parameters of various
pairwise interactions of TM α-helices might be useful. Such in-
teractions are provided by the large amount of proteins, with the
receptor tyrosine kinases (RTK) being among them. At the moment,
interactions between the TM helices of the RTKs and especially of the
proteins from the ErbB or HER family are investigated at most
intensively by various biophysical techniques [5–8]. Several models
were suggested for the activation of the ErbB receptors, all implying
the essential role of the TM helices [9,10]. It was shown that their
isolated TM helices are able to homo- and heterodimerize in all
possible combinations within the ErbB family [6]. The switching or
rotation of helices between the two possible conformations of the
dimeric TM domain is thought to be one of the key stages of signal
transduction. Previously we have determined structural parameters of
ErbB2/ErbB2 [11] and ErbB1/ErbB2 [12] TM helical dimers. In the
2082 K.S. Mineev et al. / Biochimica et Biophysica Acta 1808 (2011) 2081–2088present work, the interaction of two TM α-helices of ErbB3, which is
peculiar among all ErbB members due to its impaired kinase activity
[13], was studied in a membrane-mimicking environment.
2. Materials and methods
2.1. Cloning and cell-free production of TM domain of ErbB3
Gene encoding 31-residue ErbB3 fragment 639–670 (MG639
RTHLTMALTVIAGLVVIFMMLGGTFLYWRGR670RHHHHHH, ErbB3tm,
further the numeration of ErbB residues will correspond to the actual
numbers minus 600), including hydrophobic TM segment ﬂanked by
polar N- and C-terminal regions, N-terminal Met residue, C-terminal
hexahistidine tag and K639R substitution was ampliﬁed by PCR on the
TM-ErbB3 gene [14] and cloned into the pET-22b(+) vector (Novagen,
USA) on the NdeI and BamHI restriction sites. The resulting plasmid
pET-22b(+)/TM-ErbB3was used as a template in bacterial continuous
exchange cell-free (CECF) expression system.
The CECF TM-ErbB3 production in the form of reaction mixture
(RM) precipitate was optimized with respect to concentrations of
magnesium and potassium ions as well as plasmid pET-22b(+)/TM-
ErbB3 using SDS-PAGE and Western blot analysis with Histag®
Monoclonal antibody (Novagen) and goat anti-mouse IgG alkaline
phosphatase conjugate (Novagen) as was described in [14]. Analysis
was carried out using the OptiQuant program version 3.00 (Packard
Instrument Company, United States).
The resulting RM contained the following components: 100 mM
HEPES-KOH, pH 8.0; 11 mMMg(OAc)2; 80 mM KOAc; 2 mM 1,4-
dithiothreitol; 205 mM potassium acetyl phosphate (Sigma, USA);
25 mM potassium phosphoenol pyruvate (Sigma); 0.15 mg/ml of folic
acid (Sigma); 1.4 mM ATP; 1 mM each of GTP, CTP, UTP; XI Complete
protease inhibitor® (Roche Diagnostics, Germany); 0.05% NaN3; 2%
polyethylene glycol 8000 (Sigma); 0.3 U/μl of RiboLock ribonuclease
inhibitor (Fermentas, Lithuania); 0.04 mg/ml of pyruvate kinase
(Fermentas); 5.5 μg/ml of T7 polymerase; 0.3 mg/ml of plasmid
DNA; 0.5 mg/ml of total tRNA from E. coli MRE 600 (Roche
Diagnostics); 30% (v/v) of S30 extract from E. coli; 2.3 mM of each
of the following amino acids: Arg, Cys, Trp, Met, Asp and Glu; 1.3 mM
of each of the other amino acids (Sigma). The S30 extract was
prepared from Escherichia coli (strain A19) as a modiﬁcation of earlier
describedmethod [15]. The T7 polymerase was produced as described
in [16]. The feeding mixture contained the same components except
of the high-molecular substances such as ferments, the S30 extract,
the plasmid, and inhibitor of ribonucleases. The ratio of feeding and
reaction mixtures was 15:1. The CECF protein synthesis was
performed using membrane tubing with a cut-off of 12 kDa (Sigma)
at 30 °C with a gentle mixing for 20 h. The yield of synthesized TM-
ErbB3 was ~1.6 mg from 1 ml of RM. For production of the 13C,15N-
labeled ErbB3tm the amino acids were replaced with the mixture of
uniformly 13C,15N-labeled amino acids (1.3 mM each, Genetika,
Moscow, Russian Federation).
2.2. NMR sample preparation
The ErbB3tm samples were prepared from the RM precipitate by
solubilization with the TFE/H2O/TFA 100/50/1 mixture. The quality of
sample and concentration of the peptide were controlled by 1D NMR
spectroscopy. The 500 μl of H2O/D2O 95:5 solution, containing 1.2 mM
of 13C,15N-labeled ErbB3tm and 1.2 mM of unlabeled ErbB3tm was
lyophilized and then dissolved again in the 500 μl of 90 mM DPC-d38
(Cambridge Isotope Laboratories, USA) aqueous solution, containing
20 mM of deuterated sodium acetate and 1 mM of NaN3. The
ultrasonic bath and the Vortex shaker were used for sample
homogenization and pH was adjusted to 5.0. DPC-d38 was added to
the initial volume by 10 μl portions of 200 mg/ml stock solution for
the measurement of ErbB3tm dimer dissociation constant depen-dence on the detergent concentration. Subsequent 3–4 freeze–thaw
cycles were made to ensure a homogenous distribution of the peptide
among micelles.
2.3. NMR spectroscopy and spatial structure calculation
NMR spectra were acquired at 40 °C on the 600 and 800 MHz
Avance III spectrometers (Bruker BioSpin, Rheinstetten, Germany)
equipped with the pulsed-ﬁeld gradient triple-resonance cryoprobes.
The backbone and side chain 1H, 13C, and 15N resonances of ErbB3tm
were assigned using standard triple-resonance techniques [17,18]
Two- and three-dimensional 1H-15N and 1H-13C transverse relaxation
optimized heteronuclear single quantum coherence (TROSY-HSQC),
15N-edited total correlation spectroscopy (TOCSY) (40-ms mixing
time), HNCA and HN(CO)CA, in H2O provided backbone and partial
side chain assignments, while HCCH-TOCSY (15.6-ms mixing time)
and 1H nuclear Overhauser effect (NOE) spectroscopy (NOESY)
experiments in D2O facilitated side chain assignments. HNCO
spectrum was used to obtain CO chemical shifts, which are necessary
for the prediction of backbone dihedral angles. Resonance assign-
ments were performed with the CARA software [19].
NMR spatial structure of the ErbB3tm homodimer was calculated
using the CYANA program [20]. Gathering of the experimental
restraints and structure calculation was performed as described in
[11,21]. The intramonomeric NOE distance restraints were obtained
with CARA after the analysis of three-dimensional 15N- and 13C-edited
NOESY-HSQC (30- and 60-ms mixing time) spectra obtained in H2O
and D2O, respectively. Intermonomeric NOE contacts were identiﬁed
directly from the three-dimensional 15N,13C F1-ﬁltered/F3-edited-
NOESY spectra [22,23] acquired with 30- and 60-ms mixing time for
the 15N,13C-ErbB3tm/ErbB3tm samples in D2O and H2O. In order to
take into account the difference in relaxation during INEPT transfer
and in the magnitudes of NOE for different residues, NOE cross-peak
volumes in 15N-edited NOESY spectra were divided by the volume of
corresponding diagonal peak. To convert the intramonomeric NOE
cross-peaks intensities to upper inter-proton distance restraints the
standard CYANA calibration procedure was used. Due to the fast
magnetic relaxation resulting in a remarkable segregation of cross-
peaks intensities during the 15N,13C F1-ﬁltered/F3-edited-NOESY
experiment, the intermonomeric NOE contacts from methyl group
to another group and between methyl groups were considered
separately and considered as either weak or strong with correspond-
ing distance restrains of 3.5 and 3 Å (to avoid overinterpretation).
NOESY spectra backcalculation for methyl groups was used to verify
that the calculated structure does not have methyl-proton contacts
that are not seen in 13C-edited NOESY spectra. At the early stages of
structure calculations the lower distance restraints of 3.5 Å, both
intra- and intermonomeric, were employed for such absent contacts
to make the proper assignments of ambiguous intermolecular
contacts. Backbone dihedral angle restraints for φ and ψ were
estimated basing on the assigned chemical shifts using the PREDITOR
program [24]. The stereospeciﬁc assignment and χ1 torsion angle
restraints were obtained by the analysis of local structure in CYANA
using sequential NOE data. The set of NMR restraints was duplicated
in order to achieve the second-order symmetry of the dimer structure.
On the ﬁnal calculation stage the standard CYANA simulated
annealing protocol was applied to 100 random structures using the
angle and distance restraints, and resulting 20 NMR structures of the
ErbB3tm homodimer with the lowest target function were selected.
The chemical shift assignments, NMR-derived constraints and atomic
coordinates have been deposited to the Biological Magnetic Reso-
nance Data Bank (BMRB ID: 17488) and to the Protein Data Bank (PDB
ID: 2l9u).
The pH dependence of amide chemical shifts was recorded in the
pH range from 3 to 7 in order to check a possible effect of histidine-tag
on the spatial structure.
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molecular hydrophobicity potential (MHP) approach [25]. The contact
area between the dimer subunits was calculated using the DSSP
program [26] as a difference between the accessible surface areas of
ErbB3tm residues in the monomer and dimer. The ErbB3tm homo-
dimer structures were visualized with MOLMOL [27].
2.4. Dissociation constants of the dimer as a function of the DPC
concentration
The dependence of the dimer dissociation constant on the
detergent concentration was treated according to the protein–
detergent complex model [28,29], assuming that:
ΔGapp = ΔG0 + γRT ln Det½ M; ð1Þ
where ΔG0 is a standard free energy of dissociation, γ is formally the
reaction order on detergent, R is the universal gas constant, T is the
temperature in K, [Det]M is the concentration of detergent in micellar
form (equals the overall detergent concentration excluding the
critical micelle concentration (CMC)), ΔGapp is the apparent free
energy of dimerization and
ΔGapp = RT ln M
2
=D
 
; ð2Þ
where M and D are the concentrations of monomer and dimer,
correspondingly.
The Eqs. (1) and (2) may be rewritten in the form:
K = e
ΔG0
RT = M2 =D⋅ Det½ γM ; ð3Þ
where K is the constant of the dissociation, taking into account the
detergent-related processes.
γ=1 corresponds to the detergent being ideal solvent, as the
Eq. (3) in that case may be acquired by the multiplication of all
concentrations in the expression for the classic dissociation constant
(Kdiss=M2/D) by the activity coefﬁcients which are 1/[Det]M, as the
peptide is dissolved in a detergent only and cannot exist in the water.
With this respect, (γ−1) describes the stoichiometry of detergent
participating in dimerization or, in other words, indicates the average
number of detergent molecules leaving or entering the system of two
micelles upon the dissociation of a TM dimer.
Dimer/Monomer ratio was calculated from the integrals of
corresponding cross-peaks in 1H,15N-TROSY-HSQC spectra and was
used to determine the monomer (M) and dimer (D) concentrations.
The cross-peaks of the tryptophan side chain were used for the
calculation, as they are narrow, well separated and have almost
identical relaxation parameters in dimeric and monomeric states. At
each DPC concentration the apparent dissociation constant Kapp=
(M2/D) and corresponding ΔGapp were calculated, and its dependence
on the ln[DPC]M was ﬁtted to Eq. (1).
3. Results and discussion
3.1. Spatial structure of ErbB3tm dimer
ErbB3tmwas solubilized in an aqueous suspension of DPCmicelles
at detergent/proteinmolar ratio of 40 and 130 and then explored with
conventional 13C,15N-heteronuclear NMR technique (Fig. 1).
The 10 unambiguous intermonomeric NOE contacts (after dupli-
cation it leads to the 20 intermonomeric distance constrains) were
observed between 13C,15N-labeled and unlabeled subunits in the
ErbB3tm dimer. Due to the fast transverse magnetic relaxation
resulting in a strong segregation of cross-peaks intensities during
the used NMR pulse sequences, the intermonomeric NOE contacts
were mainly detected from between the methyl groups (havingsmallest relaxation rates) and the other groups of the fragments. The
unique set of intra- and intermonomeric NOE contacts identiﬁed in
NMR spectra of ErbB3tm at DPC/peptide ratio of 40:1 conﬁrmed the
helical structure on regions 42–70 and directly demonstrated that the
peptide associates in a dimer symmetrical on the NMR time scale with
parallel orientation of TM segments. Therefore, the NMR-derived
dihedral angle restraints and both intra- and intermonomeric distance
restraints were symmetrically applied for each dimer subunit which
resulted in a dimer with a twofold symmetry (Fig. 2A). In the resulting
set of ErbB3tm structures the α-helices cross at the angle θ of 24±3°
with the distance d=10.0±0.5 Å between helix axes (Fig. 2A, C). The
histidine tag did not affect the conformation of the dimer, as was
found by monitoring the pH dependence of chemical shifts of amide
group signals. The survey of the used experimental data and statistics
for the best 20 NMR structures are provided in Table 1.
The NOE cross-peak pattern observed for the monomeric state
(please see 3.3) of ErbB3tm at DPC/peptide ratio of 130:1 is almost
identical to that (excluding the intermonomeric NOEs) of the dimer.
Thus, dimerization does not cause any signiﬁcant changes in the
ErbB3tm structure. Still small differences between chemical shifts of
the amide group signals of monomer and dimer were observed
(Fig. 1C). It is well known that the chemical shift of the amide group
proton signal in TM helices is very sensitive to the length of hydrogen
bonds. Namely, a 0.05 Å increase in the hydrogen bond length leads to
the 0.1 ppmdownﬁeld shift of amide proton signal [30]. Noteworthily,
the chemical shifts changes of ErbB3tm do not demonstrate any
periodicity along the amino acid sequence as one can expect in case of
helix bending induced by the dimerization. On the contrary, for the
helix region of ErbB3tm the dimerization cause downﬁeld shifts for all
amide proton signals in the range of 0.03–0.1 ppm. It might be
interpreted as a certain elongation of the ErbB3tm helices upon
dimerization.
Conformations of side chains of the almost all bulky residues in the
TM α-helix remain ﬁxed and unchanged upon the dissociation of the
dimer. The only exception is the 56F residue, which aromatic ring is
tightly packed with the bulky side chains of 52L, 55I and 59L of the
neighboring helix of the dimer. The angle χ1 of 56F is 180° in dimer
and−60° inmonomer, as was clearly seen from the contact pattern in
NOESY spectra, recorded with the 30 ms mixing time.
3.2. Speciﬁc interactions across the dimerization interface
It was shown previously [31] that the majority of membrane
protein helices interact either through the GG4-like (XxxxX, where X
is one of: G, A, S, T and x is any residue) or through the so-called
heptad-repeat motif (XxxxxxxX, where X is usually one of G, A or S
residues). The tandem GG4-like motif T43xxxT47xxxG51 is present in
the amino acid sequence of ErbB3tm. Therefore, one can expect that
two ErbB3tm helices will interact via this motif, forming the right-
handed dimer. On the contrary, according to the NMR data, the tight
association of ErbB3tm α-helices is accomplished via the motif
49Ixx52LVx55IFxx59Lxxx63FLxx67R, which is very similar to the motif,
implemented in the dimerization of TM segments of the EphA2
tyrosine kinase receptor [4]. The interaction surface is apolar and
relatively long, occupying up to 70% of the TM segment length. The
topology of the ErbB3tm structure ﬁts into the parameters of the
above mentioned heptad-repeat motif θ=14±16° and d=9.8±
1.2 Å [31]. However, no residues with small side-chains are present on
the contact surface, which does not permit a classiﬁcation of the found
motif as a heptad-repeat one. Seemingly, the observed interaction is
supported by the tight intermonomeric Van der Waals contacts of
aliphatic and aromatic side chains of residues 49–59 as well as by the
stacking of aromatic rings of 63F and π–cation interactions of the 63F
aromatic rings with the 67R guanidine groups (Fig. 2C). Together these
contacts make the contribution to the free energy of the helix
association greater than the possible contribution of polar contacts
Fig. 1. NMR spectra of ErbB3tm in DPC micelles. (A) The region of the 1H-15N TROSY-HSQC spectra of 2 mM 15N,13C-ErbB3tm/ErbB3tm, 90 mM DPC micelle at 40 °C and pH 5.0. (B)
The glycine region of the 1H-15N TROSY-HSQC spectra. Sample and experimental conditions are the same as in (A) but DPC concentrations are different as indicated on the panels.
The 1H-15N side chain and backbone resonance assignments are shown. Signals from themonomeric ErbB3tm aremarked by red. (C) Difference between the chemical shifts of amide
proton signals of dimeric and monomeric states of ErbB3tm are plotted against the amino acid sequence.
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area,which is, at aﬁrst approximation, proportional to the energy of Van
der Waals interactions [32], reached 480±40 Å2 per ErbB3tm subunit,
whichcoincideswith the valueof490±30 Å2, found for EphA2tmand is
almost 1.5 times larger than in case of right-handed ErbB2tm/ErbB2tm
(360±30 Å2) [11] and ErbB1tm/ErbB2tm (360±40 Å2) dimers [12],
where the GG4-likemotifs were employed. Therefore, we can conclude
that the larger surface area of the helix–helix contact together with the
π–π and π–cation interactions in case of the left-handed ErbB3tm dimer
structuremore thancompensate for the absence of polar contacts taking
place in case of GG4-motif driven dimerization. The energy of the helix–
helix interaction should be measured in order to compare these two
motifs.3.3. Thermodynamics of the ErbB3tm dimer–monomer equilibrium
In order to investigate the thermodynamics of the dimerization
process the monomer–dimer equilibrium was monitored in the wide
range of DPC concentration. It appeared that increasing the detergent
concentration in an aqueous solution leads to the emerging of a new
state of the ErbB3tm, characterized by its own set of NMR signals
through the whole length of the peptide (Fig. 1 B, C). The exchange
between the two states is slow in the NMR chemical shift time scale.
As the minimal observed chemical shift difference between signals of
two states was 20 Hz, we can estimate that the exchange rate is
slower than 20 s−1. Noteworthily, the signals in 13C-ﬁltered NOESY
spectra, denoting intermolecular interactions, are vanishing gradually
Fig. 2. Spatial structure of ErbB3tm dimer. (A) The ensemble of 20 NMR-derived structures of the ErbB3tm dimer after the superposition of the backbone atoms of residues (40–70)
of both subunits. Backbone (black) and side chain (green or coral) bonds connecting heavy atoms of ErbB3tm are shown. (B) Percentage of the accessible surface area of the residue,
buried on the dimerization interface. (C) The ErbB3tm dimerization interface with indication of residues from the 49Ixx52LVx55IFxx59Lxxx63FLxx67R motif. Residues on the
dimerization interface are indicated in one letter notation, while the other residues are presented by ×.
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increase of the new state population. Therefore, the observed process
is a dimer–monomer transition, with the population of states and, as
follows, apparent dissociation constants being dependent on the
detergent contents in the solution.Table 1
Survey of NMR restraints and structural statistics for the ensemble of the 20 best NMR
structures of the ErbB3tm dimer.
NMR distance and dihedral restraints
Total unambiguous NOE restraints 881
Intra-residue 444
Inter-residue 439
Sequential (| i− j|=1) 236
Medium range (1b | i− j|≤4) 181
Long range (| i− j|N4) 20
Intermonomeric NOE 20
Hydrogen bond restraints (upper/lower) 168/168
Total torsion angle restraints 85
Backbone φ 26
Backbone ψ 27
Side chain χ1 32
Structure calculation statistics
CYANA target function (Å2) 1.4±0.1
Restraint violations
Distance (N0.2 Å) 2
Dihedral (N5°) 0
Average pairwise rmsd (Å)
Stable α-helical region (41–70)2
Backbone atoms 0.31±0.16
All heavy atoms 0.91±0.14
Ramachandran analysis a
% Residues in most favored regions 89.9
% Residues in additional allowed regions 8.7
% Residues in generously allowed regions 0.8 b
% Residues in disallowed regions1 0.5 b
Helix–helix packing
Contact surface area per monomer (Å2)
Stable α-helical region (41–70)2 480±40
Angle θ between the helix axes (degree) 25±2
Distance d between the helix axes (Å) 9.7±0.5
a Ramachandran statistics was determined using PROCHECK_NMR software.
b Residues from unfolded and ﬂexible regions.The observed correlation between the apparent dissociation
constant of the dimer and the detergent concentration was then
analyzed quantitatively. When the detergent is an ideal solvent, the
monomer–dimer equilibrium dependence on [Det]M should follow
Eqs.(1) and (2) with γ=1 [33]. This allowed to introduce the concept
of a standard free energy (ΔG0) of the membrane protein dimeriza-
tion, which is equal to the apparent free energy of the process (ΔGapp)
at 1 M [Det]M. It was thought that such concept would allow
comparing the free energy of TM helix–helix interaction of different
membrane proteins in different detergents [33]. In fact, it appeared
that the detergent is not an ideal solvent but acts as a reactant, as its
quantity in the micelle is changed upon the dimerization and (γ−1)
indicates the average number of detergent molecules, leaving
((γ−1)N0) or entering ((γ−1)b0) the system after the dimeriza-
tion of TM helices [28]. In the most studied case, the dimerization of
glycophorin A (GpA), γ varied from 0.7 to 1.2 in a wide range of tested
detergents [29]. Therefore, the detergent with γ=1was selected and
the standard free energy of GpA dimerization was calculated [33].
Obviously, such procedure is not always practical. Therefore a number
of studies were performed, where energetic parameters of interaction
between helices were measured by the equilibrium sedimentation or
by the FRET techniques in micellar solutions with no investigation of
detergent concentration effect [6,8,34]. Obviously, the obtained data
might be instructive but will lead to confusing conclusions when the
dissociation constants of compared dimers depend differently on the
detergent concentration.
In the present work, ΔGapp was measured for the wide range of
DPC concentrations (Fig. 3). It appeared that two different processes
occur in micelles, resulting in the complex dependence of thermody-
namic parameters of the dimerization on the detergent concentration.
In the range of 88–160 mM [DPC]MΔGapp is approximated well by
Eq. (1) with the following key parameters: γ=6.8±0.2 and ΔG0=
+17±0.8 kJ/mol. At [DPC]M higher than ca. 170 mM the dependence
is also linear but γ=2.2±0.3 and ΔG0=−1±0.8 kJ/mol. Being
extrapolated to 0.9 mM of the micellar DPC (the dimerization
constants of all ErbB TM homo- and heterodimers were measured
by FRET at this detergent concentration, i.e., 2.0 mM LDAO, while
LDAO has CMC of 1,1 mM) the later dependence predicts the free
energy of−39±7 kJ/mol, which is close to measured−30.8±0.3 kJ/
mol, although this comparison might not be relevant, as LDAO and
Fig. 3. Effect of detergent concentration on the ErbB3tm dimer–monomer equilibrium. The apparent free energy of dissociation of ErbB3tm dimer was plotted against the natural
logarithm of the DPC concentration in the micellar form. Two characteristic lines, describing the dimerization inside one micelle and the dimerization from two micelles are shown.
The schemes of the processes occurring at low and at high protein/DPC ratios are also shown. The percentage of the peptide in a dimeric state was plotted at the bottom panel.
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and charge distribution on their headgroups).
The observed dependence of ΔGapp on the detergent concentra-
tions (Fig. 3) may be accounted for, presuming that two processes
occur in the micellar solution. First takes place at [DPC]MN170 mM
when almost all ErbB3tmmonomers are located in their ownmicelles.
Then, the dimerization occurs upon the collision of the micelles. In
other words, two micelles merge into one, the ErbB3tm dimer is
formed and two new micelles appear—one with the dimer and
another empty (Fig. 3). In that case the micelle with the dimer
together with the empty micelle need less detergent to be
constituted than two micelles, each containing a monomer, which
reﬂects in γ=2.2. On the contrary, when more than one ErbB3tm
molecule is present in a micelle (at [DPC]Mb160 mM), the dimeriza-
tion occurs within the single detergent complex. In this case the
(γ−1)=5.8 formally means that on average 5.8 detergent molecules
leave the micelle upon ErbB3tm dimerization. However, the proxi-
mate location of the two TM segments can make the dimerization
much more probable, decreasing the apparent dissociation constant.
In that case, the dimer fraction would increase gradually with the
growth of the number of micelles with two monomers which emerge
due to extremely high protein–detergent ratio. Processes, taking place
when more than 1 peptide are induced to stay in the same micelle,
need further investigation, which can be left aside, as they have not
much in common with what is going on the cell membrane.
3.4. Possible consequences of the “nonideality” of the detergent solutions
The observed relatively high γ parameters demonstrate clearly the
impropriety of an approach when dimerization thermodynamics of
different TM domains are investigated (e.g.,[6]) in the same detergent
and at the same detergent concentrations and then are compared
each to other. When the dimerization is characterized by different γ,
dependencies of the free energy of dimerization on the detergent
concentration for different proteins may diverge, converge and cross
at any point, depending on the properties of the micelle–monomer
and micelle–dimer complexes. Moreover, the standard free energy
measured in current study has low physical signiﬁcance and cannot becompared to one of any other protein. The free energy of dimerization
measured in nonideal detergent solution does not describe the
dimerization itself but also includes terms, characterizing the free
energy needed for the transfer of several detergentmolecules out/into
the system under consideration. Thus, while ErbB3tm forms dimers
with rather good constant in comparison to other ErbBtm species at
low detergent concentrations [6], this conclusion could not be
extrapolated to the lipid bilayer. In addition to the discussed effect,
other examples of aberrant behavior of TM helices in detergent
micelles in comparison to bilayermembranewere recently observed –
the anomalous mobility of SDS-dissolved helices in polyacrilamide gel
[35], and the presence of multiple conformations, resulting in
abnormal relationship between monomer and dimer concentrations
[36]. These works conﬁrm that careful investigation of all possible
detergent-related phenomena should be conducted in order to
measure the energy of helix–helix interaction in detergents or more
adequate membrane-like environment has to be found. For instance,
liposomes [5] or recently introduced lipid–protein nanodiscs might be
a reasonable alternative for widely used detergent micelles and lipid
bicelles [37–39].
In the aspect of the observed nonideality of the protein-DPC
system the question may arise of the relevance of the obtained
structure to the processes in a bilayer membrane. Particularly, the
structure was determined at conditions, when two ErbB3tm mole-
cules were forced to reside in one micelle and in the detergent which
is not ideal and additionally stabilizes the dimer being at low
concentration. As NMR spectroscopy allows to follow the structural
state of the peptide together with the DPC concentration, we found
that the dimeric structure of ErbB3tm observed at the high peptide/
detergent ratio remains unchanged at the low ratio and at the high
detergent concentration. That means that the determined spatial
structure corresponds to the global energy minimum. Therefore we
can presume that if ErbB3tm dimerizes in lipids, it will form the
structure very similar to the reported in present work.
The observed effect of detergent concentration on the monomer–
dimer equilibrium of the single TM helix is one of instructive
examples, which can be spread out to the case of folding–unfolding
processes of multispan membrane proteins in micelles. The two-stage
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domains in the bilayer membrane, suggests that at ﬁrst α-helices are
formed at the insertion of a polypeptide chain into the hydrophobic
media and then the preformed TM helical spans interact and form the
tertiary structure. Seemingly, the similar pathway is necessary for
membrane proteins in order to self-assemble in micellar solution. It is
known that helices are formed easily in detergent micelles. However,
dissolving the unfolded membrane protein in detergent in most cases
does not result in forming of the functionally active tertiary
structure [40], indicating that some factors hinder either the refolding
or the activity of a membrane protein in micellar solutions. In general,
after the insertion into micelle and the formation of helical secondary
structure, in order to form a native tertiary structure, all helices of the
membrane protein need to get into onemicelle and interact with each
other speciﬁcally. Such rearrangement of the protein/micelle(s)
assembly will be accompanied by the exit of some detergent
molecules outside the system and may result in the complex
dependence of the folding thermodynamic parameters on the
concentration of detergent. For the large multispan membrane
domain the amount of exiting detergent may be sufﬁciently high,
resulting in the shift of the equilibrium towards the unfolded state at
high detergent concentration or to the high energy of the transition
state (looking from the point of transition state theory) or in the low
Arrhenius pre-exponential factor (from the point of Arrhenius
kinetics) of protein folding and unfolding, which will be reﬂected in
the low rate constants of both folding and unfolding. Additionally,
while in bilayer membrane all TM helices are preoriented by the
bilayer and the lateral pressure forces them to interact and pack
tightly, the orientation of TM segments in micelles might be quite
arbitrary and the lateral pressure is absent. Thus the folded multi-
helical TM domains may be stabilized by low and destabilized by high
amount of detergent in solution. The latter considerations explain
why some proteins are not active being dissolved in micelles from
unfolded state and are active but unstable when they are extracted by
detergent from the bilayer membrane with already formed native
tertiary structure [40].
Additionally, ifα-helices, comprising themembraneprotein, need to
be spatially rearranged inside one micelle during protein functioning,
this rearrangements may be accompanied by the change of the micelle
size (the number of detergent molecules, forming the micelle), as the
accessible to the detergent protein surface can be altered. It means that
the free energy of conformational transitions, accompanying the
functioning of a membrane protein, can also depend on the detergent
concentration in the describedway and on the speciﬁc properties of the
detergent. In other words, at some speciﬁc detergent concentration the
membrane protein will be active (or folded), while at another, no. Such
behavior has not much in common to the way membrane proteins
behave in a bilayer membranes.
4. Conclusions
In the present work the structure of micelle-embedded dimer of
ErbB3tm, which is seemingly rightful for the bilayer membranes as
well, was determined by means of NMR spectroscopy and the
structural changes occurring upon the dimer–monomer transition
as well as the thermodynamics of the process were characterized.
However, the obtained thermodynamic parameters of helix–helix
interaction cannot be spread out to the case of a bilayer membrane.
Presented example demonstrated that one should be careful in
dealing with thermodynamic data acquired for membrane proteins in
detergent micelles.
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